Acid-base properties of methyl orange, bromocresol green, bromophenol blue, and bromothymol blue were thoroughly investigated in the past due to their application as colorimetric pH indicators. However, it is still unknown how these properties change upon the supramolecular host-guest interactions. Owing to the growing interest in using supramolecular host-guest interactions to reach expected modification of various physicochemical properties of guests, we decided to address this question in the present article. We estimated the shifts of pK a values induced by diverse hosts (cyclodextrins, cucurbiturils, calixarenes, micelles, and serum albumin) and performed a thermodynamic analysis of the selected systems. To make a deeper insight, we confronted the aforementioned dyes with the other kinds of molecules studied by us in the past. In overall, the results obtained demonstrate a large multiplicity of possible pK a behaviors, their poor predictability, and the existence of subtle structure-acidity relationships. In addition, we observed three thermodynamically different mechanisms of pK a alteration. Therefore, more studies are needed to bring closer the promising perspective of a programmable acidity's tuning. Our methodology was based on capillary electrophoresis (CE) applied in two parallel variants: a classical method based on the fitting of a nonlinear function, and an alternative two-value method (TVM), which requires over twice less measurements to estimate pK a . To identify the optimal approach for further studies, both methods were comprehensively compared and discussed based on the RGB additive color model, a userfriendly scale that integrates three primary aspects of an analytical method: analytical performance, green chemistry, and practicality.
Introduction
Acid-base equilibrium of ionizable molecules, characterized by a logarithmic acid dissociation (deprotonation) constant (pK a ), is crucial for their biologically and analytically important properties, such as water solubility, lipophilicity, membrane permeability, and ability to interact with ligands and enzymes, as well as spectral properties, retention times in chromatography, or mobilities in electrokinetic methods. Supramolecular host-guest interactions with various hosts, Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00216-019-02289-w) contains supplementary material, which is available to authorized users. like macrocycles, micelles, and large biopolymers, can enhance certain properties and related functionality of guests [1] [2] [3] . It is also theoretically possible to utilize them to rationally modify pK a values [4] . For instance, pK a shifts can be used to improve bioavailability of drugs, catalytic systems, spectral properties of dyes, functionality of nanoparticles, and separation efficiency in chromatographic and electrophoretic methods [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
One of the clearest examples showing the correlation between pK a and a particular property of a molecule is the pHdependent variance of colors observed for many trimethylamine and azo dyes, used commonly as pH indicators. Although their acid-base equilibrium and related properties in the free molecular state have already been intensively investigated [18] , the possible changes of pK a in the supramolecular systems, upon the forming of supramolecular hostguest complex, are still undiscovered. In addition, the spectrum of possible supramolecular hosts is wide and includes structurally diverse molecules: macrocycles like cyclodextrins (CD), cucurbiturils (CU), and calixarenes (CX); hydrophobic layers (membranes), micelles, and liposomes; and large biomolecules, like proteins and nucleic acids, to list the most important ones. For this reason, this is a promising direction of research that may contribute to extending the applicability of these molecules, and gaining a new insight into related thermodynamic, mechanistic, and structural effects. Thus, it may help to further develop the basics of supramolecular pK a tuning.
In our previous works, we studied pK a variation and related thermodynamic and structural effects of two kinds of guest molecules: coumarins [19] [20] [21] [22] and cathinones [23] [24] [25] . As hosts, we used primarily many different CDs, since the use of other pK a modifiers was technically troublesome. The present manuscript describes the third and final part of the whole project. It is focused on four common pH indicators which were selected as guests: methyl orange (MO)-azo dye, and three triphenylmethane dyes: bromocresol green (BG), bromophenol blue (BpB), and bromothymol blue (BtB). As pK a modifiers, we examined various structurally different hosts: two CDs, CU, CX, two types of micelles, and human serum albumin (HSA). The shifts in pK a values were measured using capillary electrophoresis (CE) applied in two variants: a classical method (used as reference), and a two-value method (TVM), the alternative approach proposed by us in the past, which allows one to estimate pK a in a much faster and economic way [20, 22, 23] . The general potential and capabilities of both methods were comprehensively examined and compared, to identify which method is potentially better for examining diverse supramolecular systems of pK a modification. To this aim, we used the RGB additive color model, a novel user-friendly scale allowing to rank analytical methods in a global manner, and to encode their capabilities using colors [26] .
Materials and methods

Materials
All compounds used as guests: MO, BG, BpB, BtB; hosts: 2hydroxyethyl-β-CD (2HE-β-CD) with 0.7 average substitution degree per glucose unit, methyl-β-CD (Me-β-CD) with 1.6-2.0 average substitution degree per glucose unit, cucurbit [7] uril (CU7), 4-sulfocalix [4] arene (CX4), sodium dodecyl sulfate (SDS), trimethyl(tetradecyl)ammonium bromide (TTAB), human serum albumin (HSA); and salts used for preparing buffer solutions were supplied by Sigma-Aldrich (St. Louis, MO, USA). The structures of all guests and hosts are shown in Fig. 1 . All other chemicals were supplied by Avantor Performance Materials Poland. S. A. (Gliwice, Poland). All solutions were prepared in the deionized water (MilliQ, Merck-Millipore Billerica, MA, USA) and filtered through a 0.45-μm regenerated cellulose membrane, then degassed by centrifugation. The concentration of guests in the sample was 0.1 mg/mL (aqueous solutions), to ensure high level of signal in supramolecular systems (we observed in the past that addition of CU, CX, or HSA may strongly diminish peaks coming from analytes). The concentration of all hosts in running buffer was 2% m/v (20 mg/mL), except for HSA, for which it was decreased to 0.2% (2 mg/mL), to avoid capillary clogging due to the interaction between protein and the capillary's inner surface. To speed up analysis, the guests were merged in pairs; BpB was analyzed with BtB (mixed in a single sample, upon electrophoretic separation), whereas MO was analyzed with BG. Dimethyl sulfoxide (DMSO) was used as the electroosmotic flow (EOF) marker to enable calculation of electrophoretic mobility; its final concentration in the sample was 0.2% (v/v).
Experimental conditions
Experiments were performed using the PA 800 plus Capillary Electrophoresis instrument (Beckman-Coulter, Brea, CA, USA) equipped with a UV-Vis spectrophotometric diode array detector (DAD). The unmodified bare fused silica capillary was used. It was of 30.0 cm total length, of 20.0 cm effective length, and of 50 μm internal diameter. Between runs, the capillary was rinsed with 0.1 M NaOH for 1 min, and running buffer for 1 min. Before the first use of the capillary at a working day, methanol for 5 min, 0.1 M HCl for 3 min, deionized water for 3 min, 0.1 M NaOH for 10 min, and running buffer for 10 min were applied. For the fresh capillary conditioning, the latter sequence was used but the duration of each individual step was doubled. The pressure applied equaled to 137.9 kPa (20 psi). Sample injection was conducted using the forward pressure of 3.45 kPa (0.5 psi) for 5 s. During separations, the separation voltage of 12.5 kV (normal polarity) was applied, with the external pressure in the range 1.38-5.51 kPa (0.2-0.8 psi), to ensure migration times below 10 min in the whole pH range. The voltage ramp time was 0.2 min. The measured current values were in the range 20-30 μA. Such low current allowed us to minimize the Joule heating effect and its influence on electrophoretic mobility values [27] . The temperature of cooling liquid was set at 25°C in all experiments except for the thermodynamic study, where it was increased to 35 and 45°C, unless stated otherwise. Detection was carried out at the wavelength of 200 nm, or alternatively, at 510 nm, if peaks were undistinguishable at 200 nm. Each measurement was done in duplicate. The ionic strength of all running buffers was kept constant on the level of 50 mM. All thermodynamic parameters presented in this work are valid for this ionic strength. The buffer solutions were prepared by mixing 100 mM H 3 [9] [10] , and by further dilution with the deionized water. Nine buffering solutions were prepared in total; their pH values were in the range 1.78-10.52. The pH values were always measured prior to mobility's measurements, after adding the particular hosts as potential pK a modifier. Function fitting was performed using the Origin 9.1. software (OriginLab Corporation, Northampton, MA, USA).
Determination of electrophoretic mobilities and pK a values
Electrophoretic mobilities were calculated using Eq. 1, according to the procedure described in [25] :
where μ ep is the electrophoretic mobility, L tot is the total capillary length (0.30 m), L eff is the effective capillary length (0.20 m), U nom is the nominal separation voltage (12.5 kV), t obs is the observed migration time of analyte, t eof is the observed migration time of the EOF marker, and t ramp is the voltage ramp time set up in a software. In this experiment, tramp was 12 s (0.2 min).
In the classical approach, the pK a values were determined as a fitting parameter, using the relationships between electrophoretic mobility and pH, described by Eq. 
where μ A− is a mobility of the totally ionized form (anion).
In the TVM approach, the pK a values were determined using Eq. 3, as described previously [20, 22] . Fig. 1 The structures of all hosts and guests used in the present study. CD, cyclodextrin (methyl-β-cyclodextrin and 2-hydroxyethyl-β-cyclodextrin differ in a type of the substituent group-R); SDS, sodium dodecyl sulfate; TTAB, trimethyl(tetradecyl)ammonium bromide; CU, cucurbit [7] uril; CX, 4-sulfocalix [4] arene; HSA, human serum albumin; BpB, bromophenol blue; BG, bromocresol green; BtB, bromothymol blue; MO, methyl orange
where pH value represents the conditions used to measure μ ep , different for the particular guests, whereas μ A− was always measured at the highest pH. Because accuracy of TVM is dependent on the choice of pH used for measuring μ ep , and preferably, its value should provide deprotonation degree between 20 and 80% [20, 23] , we assumed some simple correction to increase the usefulness of TVM. To estimate pK a in the host-free reference state, the value of μ ep was measured at pH closest to pK a found in the literature for the particular compound. To estimate pK a in the supramolecular system, the procedure was repeated. If pK a shift estimated exceeded 1.0 pH unit, the measurement of μ ep was repeated at higher/lower pH, depending on the direction of this shift. The pK a shift estimated using a more optimal buffer was considered a final value. As a result, the number of mobility measurements required by TVM was much lesser than that required by the classical approach, even including the aforementioned corrections.
In both cases, to eliminate the influence of the second deprotonation equilibrium, observed for BG, BpB, and BtB due to the dissociation of the sulfonate group at strongly acidic pH (around 0), and enable fitting of the simplified curve exhibiting one inflection point, electrophoretic mobilities measured at pH close to 2 were subtracted from all values of μ ep measured in the whole pH range (mobility at pH close to 2 was normalized to 0). The pK a shifts estimated in this experiment are apparent values, i.e., they are valid for a mixed population of the free and hosted molecules of guest, and they are adequate for the given host concentration (complexation degree).
Calculation of ΔH°and −TΔS°T
he values of the standard deprotonation enthalpy (ΔH°) and entropy (−TΔS°) were calculated from the Van't Hoff model describing the relation between pK a and temperature, as it was done in our recent work [25] :
where R is the gas constant (8.3145 J mol −1 K −1 ). Accordingly, the pK a values determined at various temperatures were plotted against the inverse absolute temperature (1/T) and fitted by the linear function, as shown in ESM Figs. S1-S4. Subsequently, the enthalpic and entropic terms were calculated from the slope and intercept, respectively. The temperature of 25°C (298 K) was used to calculate the −TΔS°t erm.
RGB model
The general utility of the classical method and TVM was studied using the RGB additive color model, which was proposed by us recently as the novel tool for evaluating analytical methodologies in a global manner, taking into account their various attributes. To get a detailed description of this model, we kindly refer the reader to the original work [26] . In brief, it refers to the model of color used commonly in electronic devices. It was adapted to analytical science by assigning the three primary colors to the three main attributes of any analytical method: red-analytical performance expressed by accuracy, precision, sensitivity, etc.; green-eco-friendliness and safety for users (green chemistry), expressed by waste production, toxicity of chemicals, occupational hazards, etc.; and blue-practical aspects, expressed by cost of analysis, time of analysis, sample consumption, etc.
A general potential of a method is encoded by its final color; it depends on the additive synthesis of primary colors that a method has to a satisfactory degree. To make the model more user-friendly, we proposed some simplifications in regard to the original RGB model which offers many color combinations. In each primary scale (R, G, and B), a method may be characterized as unacceptable, acceptable but not satisfactory, or satisfactory (possessing a given primary color), depending on the Color Score (CS). Finally, a method may be white (if it is simultaneously red, green, and blue); yellow, magenta, or cyan (if it lacks one primary color to be complete); red, green, or blue (if it lacks the other two primary colors); colorless/gray (if it is not satisfactory but still acceptable in each elementary scale); or black (if it is unacceptable in at least one primary scale). The individual CS values, in turn, depend on the scores assigned by a user to the several criteria adequate for the red, green, and blue areas, respectively. To facilitate this process, scoring is performed in reference to the two pre-defined thresholds: lowest acceptable values (LAV) and lowest satisfactory values (LSV).
Besides color, which describes a method qualitatively, the model provides the quantitative measure of an overall efficiency and usability-Method Brilliance (MB), which depends on the CS values reached in the individual elementary scales and allows one to consider them with different weights, adjusted to a user's preferences. The evaluation procedure is performed using the ready-to-use templates based on standard Excel worksheets, available freely online [26] .
Results and discussion
Changes of acidity in various supramolecular systems
The values of pK a obtained for the four dyes in the reference host-free and various supramolecular host-containing systems are shown in Table 1 . In this section, we will focus on the values obtained using the classical method, considered as more accurate. The comparison of the classical and TVM methods will be the aim of the next section.
The error values were presented only for the classical method, as a standard error of the fitting parameter. The accuracy of both methods is discussed thoroughly in the next section.
The acidity of the four dyes measured in the reference hostfree medium differs considerably; the pK a values vary from 3.35 for MO to 7.07 for BtB and are generally consistent with the literature values [18] . The minor differences observed in regard to the literature data follow most likely from the Joule heating effect, which is prone to decrease pK a by around 0.1 pH unit [22, 24] , and from possible inconsistencies in ionic strength between different experimental setups. The pK a values obtained for BtB and BpB differ by over 3 pH units, and this confirms a strong structure-acidity relationship related to the substitution of phenol residue by thymol (see Fig. 1 for the structures). BG, possessing two additional methyl groups in comparison to BpB, exhibits pK a of 4.54, more similar to BpB than BtB. The deprotonation of BpB, BtB, and BG examined in this experiment takes place on the one of two phenol groups and leads to the formation of a double negative charge of a whole molecule due to the prior deprotonation of the sulfonate group, exhibiting very low pK a , which was unobserved in the chosen pH range. The deprotonation of MO observed herein, contrary to the other dyes, is assigned to the sulfonate group and the formation of a single anion, as confirm the values of electrophoretic mobilities measured experimentally.
The addition of CD as a supramolecular pK a modifier brings about the pronounced effects. Insofar as BpB exhibits the small and insignificant variations within the margin of error, the other molecules change their acidity much more considerably. For BG and BtB, the increase of pK a is observed, twice stronger for BtB, reaching maximally + 1.24 pH unit. The shifts caused by Me-β-CD are much more pronounced than those caused by HE-β-CD. MO, on the opposite to triphenylmethane dyes, exhibits the massive drop of pK a , a bit stronger for HE-β-CD, amounting to − 1.69 pH unit. The thermodynamic effects associated with these observations are discussed in the next part of this article.
In the SDS micellar system, all triphenylmethane dyes (BG, BpB, BtB) display the strong rise of pK a , in the range of around + 2.5 pH unit for BG and BtB, and + 1.5 pH unit for BpB, whereas MO-a sole representative of azo dyes, shows the much lesser increase of around + 0.3 pH unit. These results prove that all guest molecules exhibit a stronger affinity for the SDS micelles in the protonated state, which is seen as an upward shift in pK a . In other words, micelle-dye association prevents from the interaction of guest with water and the following proton carryover. This is a logical conclusion taking into account a much more hydrophobic character of the protonated form of guest, devoid of electric charge. The similar effect was also observed by us in the past, in the case of coumarin derivatives [28] .
The determination of pK a in the medium containing TTAB micelles, bearing the positive charge opposite to SDS (see Fig.  1 ), was impossible using a standard nonlinear sigmoidal model due to a peculiar behavior of electrophoretic mobility in the function of pH. We observed a steep rise of mobility in the pH range 5-7, followed by its steep drop in the range 7-9, similarly for all dyes studied (see ESM Fig. S13 ). One can only hypothesize that such an effect was related to the formation of a dynamic capillary coating by positively charged TTAB molecules upon the increasing ionization of the silanol groups, and the following interaction between the guest molecules and this coating layer, affecting the effective mobility values. This effect, most probably, partially overlapped with the mobility changes caused by guest deprotonation. In such a hypothetical scenario, a rise of pK a would be expectable for all dyes, analogously to SDS. This seems sensible regarding that hydrophobicity of the micelles' interior is similar for both SDS and TTAB systems.
We were also unable to determine pK a for the triphenylmethane dyes in the CU-containing system, where no peaks were observed for these compounds. However, we measured the mobility variation for MO, which allowed us to assess its pK a . Interestingly, it occurred to be much higher than in the reference system, with a difference exceeding + 3.5 pH unit (see Table 1 ). This effect points out that the possible inclusion of MO molecule into the CU cavity is much more favored for the protonated form of guest. It may be caused by its higher hydrophobicity in this state, analogously to the micellar systems; however, the role of other interactions specific for CU should also be taken into account in explaining this massive change. Interestingly, CU family has already been described as a strong inducers of, mainly, upward pK a shifts for various guest molecules due to the presence of the electron-rich carbonyl portal groups [4, 5, 8, 9] . The acidity of all four molecules was studied in the case of another macrocyclic host-CX, which exhibits the multiple negative charge due to the presence of four sulfonate groups per one CX molecule (see Fig. 1 ). In this case, interestingly, the strong increase of pK a was observed only for BtB and MO, + 1.57 and + 1.75 pH unit, respectively. BpB showed only a minor increase, within the margin of error, while BG showed even a mild drop of pK a by − 0.3 pH unit. The attempt of explaining these changes in a simple and reasonable manner is not straightforward at this point, especially taking into account the opposite behaviors of the structurally similar guests, like BG and BtB.
At the end, no less interesting observation was made for HSA used as a pK a modifier. Here, all triphenylmethane dyes exhibited virtually the same change of electrophoretic mobility with pH and resulting pK a , close to 4.0. This value is similar to the reference value of BpB-3.82, but significantly lower than the reference values obtained for BG-4.54 and, in particular, BtB-7.07. For the latter compound, the shift reaches, notably, over − 3.0 pH units, suggesting that the protein molecule binds much more preferably the deprotonated (ionized) form of guest. Nonetheless, for BpB, this effect is not observed at all. This observation is also important in a pharmaceutical context, because it implies that the acidity of guest molecules may selectively change upon formation of albumin-drug complex in a bloodstream, entailing the pharmacokinetically important changes in their fundamental physicochemical properties. Similar effects were observed for HSA by other researchers [29] , who revealed anion receptor properties in the subdomain-IIA pocket of HSA, responsible for the downward pK a shifts.
To conclude this part, the acidity of the dyes selected for this investigation changes upon supramolecular interactions in a diversified and highly varied manner, different for the particular host molecules, and also different for the particular dyes. The discrepancies noted for BG, BpB, and BtB confirm the existence of strong structure-acidity relationships related to the substituent group (bromocresol, bromophenol, and bromothymol). Moreover, the range of possible pK a modification using supramolecular interaction is really huge and reaches even 5.5 pH unit for the same guest molecule (compare pK a of BtB in SDSand HSA-containing systems). Finally, one should admit that due to incomplete complexation degree, the apparent shifts of pK a observed in the experiment may pose only a part of the total pK a shifts that could take a place after providing maximal saturation of guest by host molecules.
Thermodynamics of the selected systems
To shed some light on the mechanistic aspects of the selected acidity changes, the thermodynamics of acid-base dissociation was investigated using the Van't Hoff model, which occurred to be effective in our previous works [21, 22, 24, 28] . We studied the standard deprotonation enthalpy (ΔH°) and entropy (−TΔS°) for two dyes-BtB and MO, for which we observed the opposite behaviors in the CD-containing systems. To this end, we determined and compared the enthalpic and entropic terms in the reference host-free and Me-β-CDcontaining systems (see Table 2 ).
As it can be seen from Table 2 , the change of Gibbs' free deprotonation energy upon addition of CD estimated using the classical method is positive for BtB (ca. + 7 kJ/mol) and negative for MO (ca. − 8 kJ/mol), and this determines and explains the direction and range of the respective pK a shifts observed before ( Table 1) . As concerns BtB, this change is caused by a dominant contribution of the entropic factors, which become energetically strongly unfavorable upon CD addition (the change from − 3 to + 43 kJ/mol). The enthalpic factors, interestingly, change also significantly but in an opposite direction (from + 43.5 to + 4.5 kJ/mol), and partially compensate the former effect. For MO, according to the values obtained using the classical method (assumed as more accurate), both the changes of entropy (from − 0.9 to − 4.7 kJ/mol) and enthalpy (from + 19.8 to + 15.4 kJ/mol) are energetically favorable, and both contribute to the decrease in pK a . Therefore, the mechanism of pK a increase assigned to BtB may be considered as entropy-driven, whereas the mechanism standing behind the drop of pK a revealed for MO, as a mixed one. Table 2 The thermodynamic parameters determined for the two selected guest molecules in the reference (host-free) and Me-β-CDcontaining systems, using the classical and alternative CE-based methods One should note that the mechanism of pK a increase caused by CD addition occurred to be enthalpy-driven in the case of phenolic molecules as warfarin and 4-hydroxycoumarin [19, 22] . This indicates the lack of analogy between BtB and these coumarin derivatives, which may stem from a different nature of interactions involved in the pK a change. MO, in turn, is thermodynamically different from both kinds of molecules, and this may be caused by a different character of sulfonate group involved in deprotonation from a phenolic one.
Compound
Supramolecular acidity modification-main conclusions (summary of the whole project)
At this point we will perform a summary of general observations and conclusions following both from the present study and from our previous investigations, devoted to coumarins (phenolic acids) and cathinones (amine bases) [19] [20] [21] [22] [23] [24] [25] .
The first and most general conclusion is that a variation of the supramolecular pK a shifts is huge, taking into account relatively small structural differences observed for the respective guest and host molecules. Moreover, there is a wide spectrum of possible thermodynamic mechanisms underlying this variation. For this reason, the concept of a rational supramolecular tuning of acidity, by providing an appropriate host molecule to induce the expected acidity modification of guest, is still a long way off. Much more studies are needed to discover explicit regularities allowing to predict the range of possible pK a shift, and even, its direction. One may distinguish three separate effects worth considering.
The first effect is a guest effect, observed for all three types of guests studied in our project. We revealed a quite common situation that some structurally similar molecules display significantly different or even opposite effects related to their acid-base properties (pK a values or related thermodynamic terms). To illustrate this, (i) warfarin (coumarin derivative) displayed a strong rise of pK a in CD-containing medium, while its 10hydroxyderivatvie, the complete lack of that effect and no significant shift [17, 19] ; (ii) 4-hydroxycoumarin and coumatetralyl displayed a similarly significant rise of pK a after addition of CD, but the sign of the enthalpy and entropy changes standing for these shifts was opposite, disclosing a different nature of the interactions accounting for pK a change [22] ; (iii) methylmethcathinones showed no significant shift in the CDcontaining medium, while their derivatives, e.g., methylenedioxypyrovalerone-a strong drop of pK a by over − 1.0 pH unit, which in addition was enantioselectiveenantiomers differed in pK a by ca. 0.1 pH unit [25] ; and (iv), as this work demonstrated, closely related BpB, BtB, and BG exhibited different behaviors of pK a in CD-containing media as well as in other supramolecular system, e.g., CX-or HSAcontaining ones.
The second effect is a host effect. Analogously, we observed that relatively small differences in the structure of host molecules may induce huge changes in pK a for the same guests. For instance, the direction and range of pK a shifts turned out to depend on a type of CD's substitution and its degree (as revealed using different CD derivatives in the present work or using various methylation degrees of CD complexed with coumarins [22] or cathinones [25] in the past), as well as on a cavity size of macrocyclic host (different shifts noted for α-CD versus β-CD) [22, 25] . Furthermore, we noted that a thermal variation of pK a and related thermodynamics (ΔH°and −TΔS°values) may be opposite for hydroxypropyl and methyl CD substituents [19] .
Thirdly, we identified that all three theoretically possible thermodynamic mechanisms of pK a modification can take place in reality, i.e., enthalpic, entropic, and mixed ones. The enthalpic mechanism was observed for 4-hydroxycoumarin and various cathinones complexed with CD [22, 25] ; the direction of pK a shift was determined by the dominant change of deprotonation enthalpy caused by host-guest complexation, which was partially compensated by the energetically opposite entropic contribution. The entropic mechanism was observed for coumatetralyl [22] and BtB; by analogy, it was determined by the leading role of entropy change, partially compensated by the enthalpic contribution. Ultimately, the present study revealed the mixed mechanism of pK a shift for MO, according to which the enthalpic and entropic contributions are energetically consistent and induce the same direction of pK a shift.
A deep understanding of relationships between structure of guest/host and observed acidity is crucial to enable rational pK a modulation; however, it is extremely difficult due to the wide spectrum of possible interactions that may play a role. We established that the most plausible factors worth considering are as follows: (i) solvation energies related to inclusion of guest into a host's cavity, (ii) forming/breaking of hydrogen bonds between guest and host, (iii) varying degrees of electron delocalization, and (iv) London dispersion interactions [21, 22, 24, 25] . We showed also that the lack or presence of various intramolecular hydrogen bonds involving acidic proton, e.g,. O-H···O, O-H···O-H···O, or N-H···O, may govern acidity of guests in the free uncomplexed form [21, 22, 24, 25] . Therefore, losing of this interaction upon the complexation of guest and host is likely to influence deprotonation equilibrium of a host-guest complex and account for the observed acidity alteration as well.
Evaluation using the RGB model For each supramolecular system, we attempted to estimate pK a values using two CE methods simultaneously, the conventional classical method based on the fitting of a nonlinear function, and TVM. The latter was proposed by us in the past as a simple alternative that requires much less measurements of electrophoretic mobility to estimate pK a [20, 22, 23] . TVM is by definition more time-and cost-effective; however, its uncertainty seems to be inherently larger, because it uses only a part of experimental data used in the classical approach.
Evaluation of the general utility of both methods appears to be particularly important for experiments related to the supramolecular acidity modification. Examination of various supramolecular systems and numerous pK a assessments is laborious and timeconsuming; hence, an appropriately balanced and critical assessment of both the analytical and practical aspects of methods is crucial for their potential users. In addition, such a holistic evaluation of a method should also include assessment of "greenness," i.e., its environmental friendliness and safety for users. In particular, this is important taking into account a widespread interest in green analytical chemistry noted today [30, 31] . For that reason, we decided to evaluate these methods using the RGB additive color model [26] , which was proposed by us recently as a user-friendly tool allowing to consider all these varied aspects, and express a method's potential in the integrated pictorial scale.
For assessing analytical performance of the methods, expressed by a red color, we used the following criteria: (i) applicability-expressed as a percentage of all supramolecular systems (7 hosts and 4 guests give 28 systems in total) for which estimation of pK a was possible using the given method; (ii) accuracy-for the classical method expressed as a mean standard error of pK a found as a fitting parameter, and for TVM, calculated using the algorithm comparing the pK a values obtained using this method with the reference classical method (its detailed description can be found in ESM); and (iii) linearity of the Van't Hoff plots (R 2 )-describing a thermal dependency of pK a values, expressing the general applicability of methods for thermodynamic studies-determination of ΔH°and −TΔS°.
For assessing greenness, we used the following: (i) an approximated amount of waste produced-calculated for 100 pK a values estimated with the given method; (ii) toxicity of all chemicals used during method application-expressed by a total number of all hazard pictograms; and (iii) other hazards-related to instruments and experimental procedures that pose a potential risk.
For assessing blueness, which expresses the practical aspects, we used the following: (i) time of analysis-for this purpose we summed up the actual time needed for preparing and performing all measurements; (ii) cost of analysis-estimated using a simple algorithm proposed in our recent work [26] , which comprises all elementary costs related to reagents, materials, and instruments, described in detail in ESM; and (iii) sample consumption-a total volume of sample needed for the injection into a capillary, evaluated qualitatively to simplify the evaluation procedure. All blue criteria were assessed with regard to 100 pK a values, similarly as waste production.
The choice of the green and blue criteria was consistent with our previous proposition dedicated to methods of the quantitative analysis [26] ; the choice of red criteria, in turn, was modified and adjusted on account of methods dedicated to pK a estimation. For assessing MB, a final quantitative score of evaluation procedure, the red color was considered with the significance W = 2, whereas the green and blue colors with W = 1. In our opinion, such an approach reflects the actual expectations and convictions of potential methods' users interested mainly in the analytical aspects (note that the qualitative evaluation of a method by its final color always depends equally on the red, green, and blue aspects, as explained in [26] ). In addition, the first and second criteria selected for the individual primary colors were considered with the weight w = 4, while third criteria with w = 2 (the sum of all "w" is 10 for each primary color).
The results of the evaluation are shown in Figs. 2 and 3 , standing for the classical method and TVM, respectively. They are presented in the form of standardized Excel worksheets, providing all data for a fast interpretation and comparison of methods. A point-by-point guideline how to read and interpret them can be found in the original paper [26] . To simplify evaluation, we assumed that TVM requires exactly twice less mobility measurements than the classical approach, taking into account the fact that TVM sometimes requires repeating measurements to fit pH value (see description of TVM in the previous section).
According to expectations, the CS red value, expressing analytical performance, turned out to be noticeably higher for the classical method (68.6% vs. 53.4%). On the one hand, the applicability was assessed similarly for both methods (the score of 66.6 vs. 60), because TVM failed to estimate pK a only in one additional host-guest system in comparison with the classical method-BG/SDS. On the other hand, the errors assigned to TVM were significantly larger (0.20 pH unit vs. 0.11 pH unit), and thus, the scores of 55 and 75 were assigned. The linearity of the Van't Hoff plots also occurred worse for TVM, and this was reflected by the scores of 40 and 60. Applicability and accuracy of the classical method were considered satisfactory, as pointed by the red color of the respective cells (the results obtained were at least equal to LSV threshold). The gray color observed in all remaining cases points out an acceptance for the particular criteria but not satisfaction (the results between LAV and LSV thresholds).
As regards the green aspects, both methods look favorably, as it is seen from the CS green values: 67.0% for the classical method and 68.4% for TVM. The sole difference was waste production, which is twice smaller for TVM, and gained the better score (95 vs. 90). One should note that the production of 6 L of waste per 100 pK a determinations is still very good and much below LSV threshold; hence, the difference in score is relatively small. Toxicity of chemical was the only criterion which was found only acceptable (gray and devoid of green color), because both methods require the application of numerous chemicals for preparing several different buffers and capillary rinsing solutions.
Because the application of TVM requires much less electrophoretic mobility measurements than the classical method, its blue aspects were evaluated much more favorably, yielding CS blue of 65.1% for the classical method, and 78.6% for TVM. The difference in the cost-and time-effectiveness between these methods was valued at the scores of 60 and 75. Admittedly, when selecting the reference values (LAV and LSV), we took into account the characteristics of various experimental methods for pK a estimation, different than CE, which are generally much less economical. The satisfaction level was fulfilled by all blue criteria in the case of TVM (blue color), and only by sample consumption in the case of classical method.
As a result, the classical method was classified as yellow (both red and green, but not blue), and reached the MB value of 67.3%. TVM, in turn, turned out to be cyan (both green and blue, but not red) and reached the MB value of 62.6%. Therefore, in the general qualitative sense, both methods are similarly good because according to the RGB model, yellow and cyan are equipotent secondary colors. This outcome, however, clearly suggests that main predispositions and preferable application areas are different for both methods, and they seem to be complementary to each other (in respect to red and blue colors).
The MB value, dependent on the weights assigned to the given primary colors (W), looks more favorably for the classical method. For this reason, in an overall ranking, its general potential is larger than TVM, and the difference amounts to about 5%.
To sum up, both methods are similarly good, with a small advantage of the classical method indicated by MB. Their capabilities are complementary to each other. The classical method is better provided that the analytical performance, and especially-the accuracy of the pK a estimation, is more important than the practical aspects, like cost-and time-effectiveness. Therefore, TVM should not be used for instance in thermodynamic analysis, or in investigations focused on a role of subtle structural modifications. On the other hand, TVM seems to be more powerful for high-throughput screenings and fast and rough pK a assessments, and in situations when the amount of guest or host available is very limited.
This evaluation was performed according to our subjectively chosen specification, including the choice of criteria, assigned weights, and LSA/LSV thresholds, which was oriented at the particular method application-examination of various supramolecular pK a modification systems of new potential guests. This subjectivity can be eliminated by performing reevaluation of our methods by other researchers. It can be done in an easy and fast way using the ready-to-use worksheets attached to this article as ESM, by changing aforementioned variables. Moreover, we recommend our algorithm to all readers who would like to rank their own methods of pK a determination, compare them with our ones, or evaluate any different kind of experimental methods. 
Conclusions
Acidity of popular pH indicators, such as MO, BG, BpB, and BtB, can change upon supramolecular host-guest interactions with the macrocyclic hosts (CD, CU, and CX), micelles, and albumin, in both directions and in a wide range of pH. It creates an opportunity to modulate the pH range in which these molecules change their spectral properties and colors, and to study the general mechanism responsible for pK a variation. For example, pK a of BtB in the host-free state equals to 7.07 and it can vary from 3.97 in the presence of albumin to 9.43 in the presence of SDS micelles. A direct anticipation of pK a shifts based only on the structure of interacting molecules is difficult, due to the existence of various guest-and host-specific structural effects, and a wide spectrum of possible interactions that may stand behind. A deeper thermodynamic analysis was conducted for the system containing Me-β-CD as a host. Depending on the contribution of the enthalpic and entropic effects, one can differentiate three mechanisms of pK a alteration: enthalpy-driven (observed for some coumarin and cathinone derivatives in our recent works), entropydriven (observed herein for BtB), and mixed one (observed herein for MO). CE is an efficient technique for examining acidity in the supramolecular systems, and it offers two alternative approaches: the classical one and TVM. As it follows from the comparative evaluation performed using the RGB model, the classical method, classified as yellow with the MB (brilliance) value of 67.3%, is in general a bit better due to more favorable analytical performance (redness), considered herein with an increased significance in comparison with the green and blue criteria. It is worth recommending for accurate investigations focused on minor structural effects, thermodynamic studies, or as a reference method. TVM, classified as cyan with MB of 62.6%, seems better for applications oriented at blue aspects: routine and high-throughput analysis, quick assessments of pK a , and in situations when the margin of pK a error is relatively broad. The RGB model is also worth recommending for evaluations of any other kinds of analytical methods.
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